H ereditary cerebral hemorrhage with amyloidosis-Dutch type (HCHWA-D) is a genetic disorder caused by a point mutation in the APP (amyloid precursor protein; p.Glu693Gln mutation), resulting in severe cerebral amyloid angiopathy (CAA) characterized by recurrent hemorrhagic strokes with midlife onset. 1, 2 Because sporadic CAA (sCAA) is also a disease of the elderly and a common feature in Alzheimer disease; the diagnostic point mutation makes HCHWA-D a useful model to study CAA in vivo. 2 Previous studies of symptomatic and asymptomatic HCHWA-D mutation carriers offered the possibility to study the radiological manifestations of CAA pathology during the course of the disease. A striped cortex, observable as hypointense lines perpendicular to the pial surface on T 2
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September 2018 4 HCHWA-D donors from our local neuropathology tissue collection using 7T MRI. In 2 cases, striped patterns in the occipital cortex resembling the in vivo signal were detected. These areas were subjected to high-resolution 7T MRI to study the pattern in greater detail. Based on our hypothesis that the observed MRI contrast might be because of calcification, we added a micro-computed tomographic (µCT) scan as this modality is the most sensitive and specific imaging tool allowing for the identification of calcifications. 7 Serial sections of the identified areas were further subjected to histological investigation to examine the histopathologic correlates of the distinctive striped MRI pattern. Because HCHWA-D serves as a model for sCAA, we additionally retrospectively screened previously acquired whole hemisphere ex vivo 3T MRI scans of 6 sCAA cases. In 1 case (with severe CAA) a striped pattern was observed in the occipital cortex. Brain samples from that area were then subjected to 7T MRI and subsequent histopathologic examination.
Materials and Methods
The data that support the findings of this study are available from the corresponding author on reasonable request.
Study Design
Formalin-fixed postmortem brain material including the occipital lobe of 4 HCHWA-D cases were selected from the neuropathology tissue collection of the Leiden University Medical Center in Leiden (the Netherlands; workflow in Figure 1 ). Depending on the availability of the material, intact hemispheres or brain slabs including the occipital lobe of these patients were scanned at 7T MRI. The 7T MR images were visually inspected by 2 experienced observers (Drs van Rooden and van der Weerd) and screened for a striped cortical pattern defined as hypointense lines perpendicular to the pial surface. 3 Two cases showed a striped cortex on 7T MR images, and smaller tissue blocks from these cases were further investigated on high-resolution 7T MRI and histology. Based on our hypothesis that the observed MRI contrast might be because of calcification, we added an µCT scan as this modality is the most sensitive and specific imaging tool allowing for the identification of calcifications. 7 In addition, ex vivo 3T MRI scans from 6 sCAA cases, acquired at the Massachusetts General Hospital in Boston (MA) were retrospectively screened for the presence of a striped cortex. This pattern was observed in 1 sCAA case, which was then subjected to 7T MRI and histopathologic examination. Case characteristics of screened HCHWA-D and sCAA cases are presented in the Table.
Brain Samples and Preparation
Formalin-fixed intact hemispheres or brain slabs of HCHWA-D patients were obtained from the local neuropathology tissue collection of the Leiden University Medical Center. Written informed consent for the HCHWA-D patients was obtained for each donor, and all material and data were handled in a coded fashion maintaining patient anonymity according to Dutch national ethical guidelines (Code for Proper Secondary Use of Human Tissue, Dutch Federation of Medical Scientific Societies). Formalin-fixed intact hemispheres of the sCAA cases were obtained through an ongoing postmortem brain MRI study for the evaluation of MRI markers in the context of sCAA at the Massachusetts General Hospital in Boston (MA). Informed consent was obtained from a legal representative before brain autopsy. This study was approved by the local Ethics Committees of the respective institutions.
Before MRI, the formalin-fixed brain material of the HCHWA-D patients was washed with phosphate buffered saline (PBS) for 24 hours to partially restore the relaxation parameters. 8 The hemisphere or brain slabs were placed in a plastic bag containing a proton-free fluid (Fomblin, LC08, Solvay). To minimize the amount of trapped air bubbles, a vacuum was applied overnight. Before scanning, the plastic bag was sealed and fixed on a plastic plateau or using foam padding in the coil.
After scanning the intact hemisphere and brain slabs, the scans were inspected for the presence of a striped cortex by 2 experienced observers (Drs van Rooden and van der Weerd). If positive, a small tissue block of ≈20×15×15 mm was resected from the area containing the striped cortex and placed in a regular 15 mL tube (Greiner Bio-One). Before MRI, the tissue block was washed with PBS (for 24 hours) to partially restore the relaxation parameters. 8 Next, the 15 mL tube containing the tissue block was filled with Fomblin (LC08, Solvay). Care was taken to avoid trapped air bubbles.
Postmortem MRI Acquisition
The HCHWA-D hemispheres were scanned at the Leiden University Medical Center (Leiden, the Netherlands) on a whole body human 7T MR system (Philips Healthcare, Best, the Netherlands) using a quadrature transmit and 32-channel receiver head coil. The hemisphere was positioned with the frontal lobe in the head direction and the occipital lobe in the feet direction of the scanner. A 2-dimensional T 2 * -weighted gradient echo scan was acquired with a total imaging duration of 13 minutes. Imaging parameters were repetition time (TR)/echo time (TE) 3146/25 ms, flip angle 60°, slice thickness 1.0 mm with a 1.1 mm interslice gap and a spatial resolution of 0.21×0.21 mm.
The HCHWA-D brain slabs and smaller tissue blocks were also scanned at the Leiden University Medical Center (Leiden, the Netherlands), but on a 7T horizontal bore Bruker MRI system equipped with a 23 mm receiver coil (Bruker Biospin, Ettlingen, Germany). The smaller tissue blocks were scanned with a multiple gradient echo sequence using the following parameters: (TR)/(TE) 75/12.5, 23.2, 33.9, and 44.6 ms, flip angle 25°, at 100 μm isotropic resolution with 20 signal averages.
Brain slabs of one sCAA case that demonstrated a striped pattern on previously acquired whole hemisphere ex vivo 3T MRI scans were subsequently scanned at 7T MRI. Scanning was performed at the Athinoula A. Martinos Center for Biomedical Imaging (Massachusetts General Hospital, Charlestown, MA), on a whole body human 7T MR Siemens MAGNETOM scanner, using a custom built 32-channel head coil, as described previously. 6 Slabs were stacked on top of each other in a glass beaker, filled with 10% formalin. A multiecho T 2 * -weighted MRI scan was acquired using the following parameters: 1 run each of 3 flip angles (10°, 20°, and 30°), TE=8, 18, 28, and 38 ms, at 200 µm isotropic resolution.
The most similar MRI slice with respect to the given histology was selected based on the physical location of the section in the tissue block, measured by counting the number of sections taken starting at the block surface. At this approximate location, the most similar MRI slice was chosen by visual comparing clearly detectable landmarks (contours, vasculature, tears, etc) allowing comparison of the MRI with histology. . High-resolution 7T MRI (echo time=12.5 ms) showed a striped pattern of the cortex (arrows) in addition to some parts of the cortical ribbon showing normal cortical contrast (arrowheads). B, Vascular calcifications were confirmed by μCT (arrows). C, Histopathologic examination showed that the majority of the cortical vessels stained positive for Aβ. Interestingly, only vessels in the middle to deeper cortical layers stained positive for nonheme iron (Meguro) and calcium (Von Kossa), indicating iron accumulation and calcification of the vessel wall in specific cortical layers. In contrast to Aβ, which was observed over the full length of the perforating arteries, nonheme iron (Perls' and Meguro) and calcium (Von Kossa) was only observed in the lower part of the vessel. Calcification of the vessel wall was also visible on the H&E staining as deep purple depositions. C, First and second row are consecutive slides. Orientation histology: top=leptomeninges; bottom=white matter. Scale bars in C-E=1 mm; H-L=200 μm.
Stroke
September 2018
Postmortem μCT
For the HCHWA-D cases, MRI acquisition was followed by μCT to detect the presence of calcifications. The 15 mL tube containing the tissue block in Fomblin was imaged on a Skyscan 1076 in vivo μCT (Bruker Biospin, Ettlingen, Germany) using the following settings: 40 to 48 kV, 200 to 250 μA, 0.5 mm filter, 2 to 10 averages. The same approach as described above for the MRI slice selection was used to select the most similar µCT image.
Histology and Immunohistochemistry
The resected tissue blocks used for both MRI and μCT were next subjected to detailed histopathologic examination. Each tissue block was embedded in paraffin and subsequently cut in 5 µm-thick serial sections on a microtome. The sectioning was guided by the postmortem MRI scans based on anatomic landmarks such as the gray-white matter border, vessels, and the orientation of the striped pattern. The first section was stained for Aβ (anti-human Aβ, 6F/3D DakoCytomation, Glostrup, Denmark): endogenous peroxidase activity was blocked with 0.3% H 2 O 2 in methanol followed by an antigen retrieval step using formic acid and trypsin. The primary antibody was incubated overnight at room temperature. The secondary antibody was incubated for 1 hour followed by a 30 minutes incubation with avidin-biotin complex (ABC, Vector Labs, CA). Signal enhancement was completed by immersion in 3,3′-diaminobenzidine (DAB). Finally, sections were counterstained with Harris hematoxylin.
Adjacent sections were stained with the Von Kossa technique to detect calcification and a standard hematoxylin & eosin (H&E) staining. For the detection of iron, 2 protocols were used. For each case, 1 section was stained using the classic Perls' Prussian blue iron stain. In addition, 1 section was stained according to an in-house protocol of a modified Meguro staining. 9 In short, sections were incubated for 30 minutes in 1% potassium ferrocyanide, washed, followed by 60 minutes incubation in methanol with 0.01 mol/L NaN 3 and 0.3% H 2 O 2 . Subsequently, sections were washed with 0.1 mol/L phosphate buffer followed by 30-minute incubation in a solution containing 0.025% 3,3'-DAB-tetrahydrochloride (DakoCytomation) and 0.005% H 2 O 2 in 0.1 mol/L phosphate buffer. The reaction was stopped by washing in demi water.
Tissue blocks from the sCAA case were processed in a similar fashion. Sections underwent histological staining with H&E, Perls' Prussian blue iron, and Von Kossa, and immunohistochemistry against Aβ (6F/3D, Dako).
All slides were digitized using an automatic bright field microscope (Philips Ultra Fast Scanner, Philips, the Netherlands) for microscopic evaluation. All stained sections were independently evaluated by L.G. Moursel, M. Bulk, and Dr van Veluw for the amount of Aβ, iron, and calcium positive vessels. For both HCHWA-D subjects, 1 area with the striped cortex, 1 area without the striped cortex, and 1 area with some contrast changes were scored. Percentages were calculated for the amount of vessels positive and negative for iron and calcium with respect to the total number of Aβ positive vessels.
Results

Detection of the Striped Cortex Ex Vivo
Postmortem brain material of 4 HCHWA-D was scanned at 7T and in 2 out of 4 HCHWA-D cases a striped pattern was found ex vivo in the occipital cortex, similar to the in vivo MRI observation (Figure 2A) . In both HCHWA-D cases, also areas with normal contrast were observed on high-resolution ex vivo 7T MRI. In 1 out of 6 cases with sCAA screened for this study, a similar striped pattern as in the HCHWA-D cases was observed in the occipital cortex ( Figure 3A ).
μCT and Histopathologic Correlates of the Striped Cortex
Given the shape and course of the striped cortex, we hypothesized that the observed MRI contrast changes may be caused by Aβ depositions in the walls of perforating arteries, colocalizing with iron accumulation and calcifications.
Microscopic examination showed severe and widespread CAA in both HCHWA-D cases ( Figure 2C ). The sCAA case was also characterized by severe and widespread CAA and >200 microbleeds on ex vivo 3T MRI ( Figure 3B) . No noticeable differences in vessel wall morphology or Aβ staining of angiopathic arterioles was observed between areas with and without the striped cortex. Old microhemorrhages in the form of focal hemosiderin deposits were not evident in the examined tissue sections.
In both HCHWA-D cases and the sCAA case, colocalization of Aβ with nonheme iron and calcium in the vessel wall was found in areas containing the striped cortex (Figures 2  and 3 ; Figures I and II in the online-only Data Supplement; Table I in the online-only Data Supplement). In contrast to Aβ, which was observed over the full length of the perforating arteries, nonheme iron and calcium were only observed in the lower part of the vessel ( Figure 2C) . Calcification of the vessel wall was also visible in the H&E staining as deep purple depositions and confirmed by μCT (Figures 2 and 3) . Interestingly, in contrast to the HCHWA-D cases, in sCAA, iron accumulation and calcification were also observed in vessels without CAA ( Figure 3D ).
In addition, a hypointense line in the superficial cortical layers parallel to the cortical surface was observed in one of the HCHWA-D cases, resembling superficial siderosis. Histology showed colocalization with local iron accumulation in neurons in layer II of the cortex ( Figure III in the onlineonly Data Supplement).
Histopathologic Correlate of Areas Outside the Striped Cortex
To confirm specificity of iron accumulation and calcification in the vessel wall as the histopathologic correlate of the striped cortex, we further investigated other regions of the cortex in HCHWA-D tissue ( Figure 4A ).
On histology, most cortical vessels stained positive for Aβ, also in areas without the striped pattern on MRI. However, these vessels were negative for nonheme iron and calcium ( Figure 4B ; Table I in the online-only Data Supplement). We also noticed some areas outside the striped cortex with contrast changes on MRI which had a similar pattern but that were less intense than the striped pattern described above. These MRI contrast changes may be because of vessels positive for Aβ and nonheme iron, but negative for calcium ( Figure 4B ; Table I in the online-only Data Supplement). Calcification without iron accumulation was not observed. High-resolution 7T MRI (echo time=12.5 ms) and zoom of an area without the striped cortex (A1) and an area with some contrast changes (A2). B, Histopathologic examination showed that most cortical vessels stained positive for Aβ in both areas. However, in areas without the striped cortex vessels were negative for nonheme iron (Perls' and Meguro) and calcium (Von Kossa). Also, the H&E staining was negative. In areas with some contrast changes (A2), although less intense, these contrast changes correlated with an area where we found vessels positive for nonheme iron detected by the Meguro staining. The Perls', calcium, and H&E stainings were negative. B are consecutive slides. Orientation histology: top=leptomeninges; bottom=white matter. Scale bars in B-F=100 μm; G-K=50 μm.
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Discussion
Our findings show that the recently observed striped pattern in the cortex of symptomatic HCHWA-D patients at 7T MRI is because of iron accumulation and calcification of Aβ positive penetrating arteries. The presence of both nonheme iron and calcification on penetrating arteries causes signal loss and hence abnormal cortical patterns on T 2 * -weighted MRI. As reported, on in vivo 7T MRI the striped cortex was found in 40% of the symptomatic HCHWA-D patients. Because the striped cortex was not found in presymptomatic mutation carriers, it might be associated with more advanced stages of the disease. 3 Typically, the first stroke occurs between the ages of 39 and 76 years (mean=50 years) and is fatal for one-third of the patients. Those who survive had recurrent strokes resulting in severe disabilities. In exceptional cases, people survive longer, with a maximum reported survival of 28 years. 10 Histopathologic examination showed that both the HCHWA-D cases and the sCAA case were characterized by a severe and widespread CAA. This suggests that the striped cortex may be a marker of advanced CAA.
Mineral substances such as iron and calcium are known as paramagnetic materials and have consistently been reported to cause hypointense signals on T 2 * -weighted MRI images. 5, 11 It is known that in patients with Alzheimer disease and concomitant severe CAA have higher nonheme iron content in the temporal lobe than Alzheimer patients without CAA and that divalent iron accumulates within CAA-positive vessel walls. 12 Iron-positive CAA vessels have also been reported in HCHWA-D patients. 13, 14 Moreover, some of the largest cortical CAA vessels positive for iron were observed on histology and could be topographically matched with ex vivo highresolution 9.4T MRI. 13 Corresponding to our results, Nabuurs et al 13 showed that not all CAA-affected vessels resulted in a similar loss of MR signal. These different effects on MRI were thought to be caused by differences in the amount of Aβ, its positioning in the vessel wall or other associated microvasculopathies. Here, we showed that Aβ depositions in and along the penetrating vessels are not in itself resulting in T 2 * -weighted MRI contrast; CAA vessels without iron accumulation and calcification resulted in normal MRI signal, whereas the presence of iron alone or both iron and calcium resulted in the detection of hypointense signals on T 2 * -weighted MRI. These iron-sensitive MRI scans have been previously used to detect for example superficial siderosis, large intracerebral hemorrhage, and (cortical) microbleeds. MRI-observed microbleeds, visible as small round hypointense lesions on T 2 * -weighted MRI, correlate to acute microhemorrhages or iron-positive old microhemorrhages on histopathology. 6 Of note, in our cases, the observed striped cortex was not associated with acute or old hemorrhages on histopathology.
Apart from iron accumulation in CAA vessels, we also observed calcification of the vessel wall. Calcification of CAA vessels has been previously reported in very severe CAA cases; cortical calcifications were found using histopathology in p.Glu692 Gln (Dutch) patients 15 and using CT in patients with p.Glu693Lys (Italian), and p.Asp694Asn (Iowa) mutations. 16 However, iron accumulation and calcifications as detected by 7T MRI in patients with the p.Glu693Gln mutation (Dutch) have not been reported previously, and the underlying mechanisms of vascular iron accumulation and calcifications in APP mutation carriers are unknown. The striped cortex was found in the occipital cortex on in vivo MRI, 3 which seems to be consistent with the posterior predominance of CAA severity. In addition, we showed that predominantly vessels in the middle cortical layers accumulated iron and calcium. Why specific regions and cortical layers are more affected than others remains to be elucidated. Last, we showed that some vessels only accumulated iron but no calcification, whereas we did not find any vessels with calcifications without iron. Based on these observations, we speculate that in HCHWA-D Aβ depositions in the vessel wall are followed by iron accumulation, resulting eventually in calcifications of the vessel wall.
Conclusions
In conclusion, we identified iron accumulation and calcification of the vessel wall in HCHWA-D as the histopathologic correlates of the striped cortex observed on in vivo 7T MRI. This novel MRI marker is of interest for clinical CAA severity evaluation as it was also observed in a case with severe sCAA. Associated mechanisms resulting in iron accumulation and calcification of CAA vessels will need further investigation.
